1-(2-Pyridylazo)-2-naphthol (PAN) has been used for the simultaneous and individual determination of palladium and cobalt at trace levels. PAN complexes of palladium and cobalt at neutral pH form green-color neutral complexes, which are soluble in aqueous SDS micellar media. Under optimum conditions, calibration graphs for individual determinations by zero and first-derivative spectrophotometry, and also for simultaneous determinations by second-derivative spectrophotometry were obtained. A zero-crossing method using second-derivative spectrophotometry at 628 or 578 and 614 nm, respectively, for cobalt and palladium was used for simultaneous determinations. The method is able to determine the cobalt-to-palladium ratio, 5:1 to 1:10 (Wt/Wt), accurately. The accuracy and reproducibility of the determination method for various known amounts of cobalt and palladium in their binary mixtures were tested. The effects of diverse ions on the determination of cobalt and palladium to investigate the selectivity of the method were also studied. The recommended procedures were applied to a synthetic binary alloy, cobalt in vitamin B12 and B-complex ampoules, a Co2O3-Co3O4 laboratorial chemical mixture, some synthetic cobalt-alloy samples, a Pd-charcoal catalyst, and some synthetic palladium alloys.
Introduction
Because of simultaneous determination of mixtures has always been an interesting question for analysts, many selective analytical techniques have been put forward. Some simultaneous determination methods are derivative spectrophotometry, 1, 2 extraction-atomic absorption spectrometry 3 using selective or non-selective chelating compounds, a sequential flow-injection technique, 4 highperformance liquid chromatography 5 and chemometrics-based techniques, such as H-point standard addition 6, 7 and partial least squares method. 8 Pyridylazo and thiazolylazo compounds, such as 2-[2-(3,5-dibromopyridyl)-azo]-5-dimethylaminobenzoic acid, 9 2-[2-(3,5-dibromopyridyl)-azo]-5-diethylaminobenzoic acid 10 and 2-(2-thiazolylazo)-5-diethylaminobenzoic acid derivatives, 11 have been synthesized and proposed as highly sensitive chromogenic reagents for the determination of several metal ions. These reagents reacted with iron, copper, nickel, cobalt and palladium, and have been suitable for the analysis of trace heavy metals. However, the reagents were designed for use in solvent extraction.
In order to eliminate the solvent-extraction process, some water-soluble pyridylazo or thiazolylazo reagents, such as 2-nitroso-5-(N-ethyl-N-sulfopropylamino)phenol, 12 2-(2-thiazolylazo)-4-methyl-5-(sulfopropylamino)benzoic acid 13 and 2-(5-bromo-2-pyridylazo)-5-(N-propyl-N-sulfopropylamino)-aniline, 14 have been synthesized without losing the characteristics of high sensitivity and wide optimal pH range.
Micelles possess a high potential for multicomponent analysis, as can be inferred from results obtained in a recent research on this topic. 15 Micelles can be used as special reaction media, because they alter the rate, equilibrium position, products and stereochemistry of many reactions. Also, micelles change the effective microenvironment around dissolved solutes, and hence their physicochemical properties, such as absorptivity, equilibrium constant, and spectral profile. 16 Palladium as a catalyst for hydrogenation reactions, as a component in useful electronics alloys and dental alloys, and in the last few years as a component of three-way catalysts in automobiles exhaust-gas catalysis, have been applied. Due to the introduction of palladium, platinum and rhodium-containing catalytic converters in motor vehicles, the emission of these metals into the environment has increased. In addition, an increased uptake of Pd by plants grown in polluted soils has also been found. 17 From health hazard viewpoints, palladium is suspected to be one of the strongest allergens. 18 Cobalt is associated with copper and nickel as sulfides and arsenides, and is found in cobaltite, smaltite and erythrite minerals. A well-known magnetic alloy of cobalt, alnico, has various uses in industries. Cobalt is also used to make stainlesssteels and alloys highly resistive to oxidation at high temperatures as turbine blades and cutting tools. The uses of cobalt-60 in medicine as an important radioactive tracer and a cancer-treatment agent as well as its biological activities, for example as vitamin B 12 (cyanocobalamin), are other important cobalt aspects. 19 Various spectrophotometric methods for the assay of palladium(II) and cobalt(II) have been reported. Solvent extraction or sorption-spectrophotometry, 20, 21 high-performance liquid chromatographic-spectrophotometry, 5 spectrophotometric procedures using low-melting-point extractants, 22, 23 simple spectrophotometric methods in aquatic media, 24, 25 derivative spectrophotometry, 26, 27 flow injection and stopped flow-based techniques, 25, 28 spectrophotometry in the solutions containing cosolvents or micelles, 29, 30 spectrophotometric measurement after preconcentration with solid polymeric sorbents, such as amberlite XADs 31 and polyurethane foams, 32 This work reports on a simple, sensitive and selective method involving second-derivative spectrophotometry in micellar solutions for the simultaneous determination of palladium and cobalt. The method is based on the formation of the green complexes of Pd and Co ions with 1-(2-pyridylazo)-2-naphthol (PAN) in sodium dodecylsulfate micellar media.
Experimental

Reagents and chemicals
Water used in this work was doubly distilled water and all of the reagents used were of analytical grade reagents. An ethanolic solution of 0.20% 1-(2-pyridylazo)-2-naphthol (Merck) was prepared and used. A standard palladium solution (1000 µg ml -1 ) as stock solution was prepared after dissolving 0.4165 g of palladium(II) chloride (Fluka) in 10 ml of an aqueous solution containing 2 ml of concentrated hydrochloric acid, and then adjusting the volume of the solution in a 250 ml volumetric flask. The solution was standardized by a known gravimetric standard method using dimethylglyoxime. 33 A standard solution of Co(II) as 1000 µg ml -1 was prepared by dissolving appropriate amounts of hydrated cobalt(II) chloride in doubly distilled water and adjusting the volume to 500 ml in a volumetric flask by doubly distilled water. Standardization of the solution was performed by the standard procedure cited. 34 Diluted palladium solutions were prepared daily by diluting an appropriate volume of the stock solution with deionized water. Triton X-100, Tween-80 and sodium dodecylsulfate (SDS) were purchased from Merck. Solutions of the detergents as 6.4% (Wt/V) solutions were prepared into 250 ml volumetric flasks.
Apparatus
A Cecil CE 9020 UV-Vis scanning spectrophotometer equipped with 10-mm quartz cells was used to record the zero, first and second-order derivative spectra. A Cecil CE 1021 UVVis spectrophotometer was applied to measure the absorbances of the solutions.
Procedure for individually non-derivative and first-derivative spectrophotometric determination of palladium and cobalt
First, 4 ml of a 6.4% SDS solution, 1 ml of an ethanolic solution of 0.20% PAN, and then 2.0 ml of a palladium or cobalt solution were added into a 10 ml volumetric flask. After 1 min, 1 ml of a 1 M perchloric acid solution was added, and the volume of the solution was adjusted in the 10 ml volumetric flask with double-distilled water. A sample solution was transferred into a spectrophotometer cell and its absorbance was measured at 614 nm for palladium and 580 nm for cobalt against a blank solution. The spectrum of the sample solution was recorded against its blank for a first-order derivative determination in the wavelength range of 500 -800 nm with ∆λ = 2 nm using a scan speed of 600 nm/min. The analytical signals were at 684 nm for palladium and at 641 nm for cobalt, where the maximum sensitivities for first-derivative spectrophotometry were obtained. The palladium or cobalt concentrations could be determined using their previously prepared spectrophotometric and first-derivative spectrophotometric calibration graphs.
Procedure for simultaneous second-order derivative spectrophotometric determination of palladium and cobalt
First, 4 ml of a 6.4% SDS solution, 1 ml of an ethanolic solution of 0.20% PAN, and then 2.0 ml of a palladium or cobalt solution were added into a 10 ml volumetric flask. After 1 min, 1 ml of a 1 M perchloric acid solution was added and the volume of the solution was adjusted in the 10 ml volumetric flask with double-distilled water. The sample solution was transferred into a spectrophotometer cell and the second-order derivative spectrum of the solution was obtained against its blank in the wavelength range of 500 -800 nm with ∆λ = 2 nm using a scan speed of 600 nm/min. The analytical signals were the derivative signals at 614 nm for palladium and at 578 or 628 nm for cobalt. The palladium and cobalt concentrations could be estimated using their previously prepared second-order derivative spectrophotometric calibration graphs.
Results and Discussion
Some micellizing agents, such as SDS, Triton X-100 and Tween-80 as dissolving media for Pd-PAN and Co-PAN complexes, were tested.
The cobalt and palladium complexation processes at middle pHs were relatively fast, but the Pd(II)-PAN complex was precipitated in Tween-80 immediately and in Triton X-100 after 1 h. Some efforts for solubilizing the palladium-PAN complex using mixtures of the detergents were not successful. Later studies showed that the complexes of Pd and Co with PAN in SDS micellar media were stable and soluble for at least 3 days standing. 
Absorption spectra
The zero and first-derivative spectra of the cobalt-PAN and palladium-PAN complexes in the SDS micellar media are shown in Fig. 1 . The maximum wavelengths of the palladium-PAN and cobalt-PAN complexes in SDS micellar solutions were observed at 614 and 580 nm, respectively. Two wavelengths for sensitive individual determinations of cobalt and palladium in the absence of each other using the first-order derivative spectra at 641 and 684 nm, respectively, are valuable.
The second-order derivative spectra of palladium-PAN and cobalt-PAN complexes in the SDS micellar solution are shown in Fig. 2 . Based on the derivative spectra, three wavelengths for the selective simultaneous determination of palladium and cobalt were observed: 578 or 628 nm for cobalt, and 614 nm for palladium.
Optimization of variables
For receiving to the best sensitivity, we need to obtain the best condition. The net absorbance of the palladium-PAN at 614 nm and also cobalt-PAN at 580 nm (absorbances in the presence of fixed amounts of palladium or cobalt against their blank), was selected as analytical signals. A one-at-a-time optimization procedure for optimizing SDS, PAN and acid concentration was evaluated.
Different acidifying reagents were tested for obtaining the best ones from the viewpoint of sensitivity. The results are shown in Table 1 . According to the results, the tested acids show nearly similar sensitivities. We accepted perchloric acid for future work because of its complexation and precipitation inertness.
The concentration of perchloric acid for obtaining the best concentration was varied. The results are given in Fig. 3 . Based on the results, the sensitivity is not dependent on the perchloric acid concentration, and is not decreased at high concentrations of the acid. This may be explained by assuming a high formation constant for the formed palladium and cobalt complexes. For further studies, 0.10 M of perchloric acid was selected.
The influence of the type of detergent and its concentration on the absorbances of the palladium and cobalt complexes was investigated. The effect of the concentration of Triton X-100 and SDS on the sensitivity of the method was studied by varying the concentration of the detergents from 0.00 to 3.20%. The results in Fig. 4 show that in the concentration range of 2.56 to 3.00% of SDS the absorbances of the palladium and cobalt complexes were high and stable. Here, a 2.56% solution of SDS was used as a suitable detergent concentration for further studies.
Optimization of the PAN concentration by varying the concentration of the reagent and measuring the absorbances of the palladium and cobalt complexes was performed. The results in Fig. 5 show that for concentrations of more than 0.003%, the sensitivity is high and constant. However, for the purpose of a simultaneous determination, higher amounts of PAN may be needed. Therefore, for more investigations, a PAN concentration of 0.020% is preferred.
The effects of the ionic strength on the sensitivity of the palladium and cobalt determinations were investigated. Different concentrations of sodium sulfate and sodium nitrate as ionic buffer from 0.00 to 0.50 M were tolerated, but no considerable differences in the sensitivities were observed.
Calibration, accuracy and precision
Under the selected conditions, calibration curves for individual determinations of cobalt and palladium using zero and first-derivative spectrophotometry as well as simultaneous determinations using second-derivative spectrophotometry, were obtained.
Two spectrophotometric calibration graphs as well as two first-drivative calibration graphs were constructed according to the recommended standard procedures for individual determinations of cobalt and palladium. The obtained calibration parameters are presented in Table 2 .
Calibration graphs for the simultaneous determination of palladium and cobalt were obtained by plotting the values of the second-derivative analytical signals of the cobalt and palladium complexes versus the respective analyte concentrations. The characteristics of the calibration curves are given in Table 2 .
The precision and accuracy of the zero, first and second-order derivative spectrophotometric methods were also evaluated for eight sample analyses. The results are presented in Table 3 .
Ten absorbance blank measurements at 580 and 614 nm show limits of detection of about 0.01 and 0.03 µg ml -1 for palladium and cobalt, respectively (3 × Sb).
Effects of foreign ions
When Pd or Co is determined with PAN, the other ions in real samples might interfere with the determinations. The effects of foreign species on the second-derivative spectrophotometric determination of 10 µg of Pd or 5 µg of Co were investigated, individually under the selected conditions. The effects of diverse ions on the determination of palladium and cobalt are given in Table 4 . Solutions containing 10 µg of palladium or 5 µg of cobalt and various amounts of other ions were prepared, and the proposed second-derivative procedure for their determination was followed. Based on these results, the selectivity for the palladium and cobalt determination method was observed. The only serious interfering species was copper. For removing any interference of copper, the addition of 1 ml of 0.010 M EDTA before the addition of perchloric acid was successfully tested. By EDTA addition, interferences of up to 200 µg copper were removed. The other ions, such as HPO4 , at a concentration of 1000 µg ml -1 had no interference effect.
Recoveries and precisions of Co(II) and Pd(II) in their binary mixtures
Known amounts of palladium and cobalt were determined to assess the proposed method. The recoveries and precisions are given in Table 5 . Based on the results, the applicability of the method for the simultaneous determination of cobalt and palladium in binary mixtures was demonstrated. 
Application
Synthetic samples according to the composition of some industrial alloys, a Co2O3-Co3O4 mixture and Pd-charcoal laboratory powder, as well as B12 and B-complex ampoules to demonstrate the applicability of the method in the determination of palladium and cobalt were examined. Based on the results, our method can be applied to hard and resistant alloys of palladium and cobalt as well as other samples with good accuracies and precisions (Tables 6 and 7 ).
The contents of 2.0 ml of B-complex ampoules or 4 × 1.0 ml of B12 ampoules were decomposed in a 50 ml round-bottom flask by heating with 10 ml of a mixture containing concentrated nitric and sulfuric acids (10+1) on a hot plate until near dryness. 35 The dropwise addition of concentrated nitric acid is needed to obtain a colorless or yellow residue. The residue, neutralized with a dilute sodium hydroxide solution, was then diluted to an appropriate volume (50 ml). The cobalt contents were analyzed using 2.0 ml of the solutions by the recommended first-derivative procedure. The standard method using nitroso-R salt was also used 34 as a reference method.
For a Co2O3-Co3O4 analysis, 0.100 g of a Co2O3-Co3O4 mixture was digested with 20 ml of hydrochloric acid and nitric acid (20 + 10) in a 50 ml flask. The mixture was gradually heated for 2 h. After the addition of the acid mixture, gradual heating the solution was continued until dryness. The residue of the digestion process was diluted with 20 ml of water, and then neutralized with a dilute sodium hydroxide solution. The solution was then diluted into a 250 ml volumetric flask with water. After 25-times dilution into a 250 ml flask, 2.0 ml of the final solution was used for an analysis by the recommended first-derivative procedure and a standard method. 34 An analysis of Pd-charcoal was performed as follows: 0.100 g of Pd-charcoal was weighed and mixed with 50 ml of 1 M nitric acid in a flask. The mixture was heated for about 2 h on a hot plate until dryness. The residue was mixed with 50 ml of doubly distilled water, and then filtered and washed with three 5 ml of distilled water. After the filtrate solution was diluted with water in a 250 ml volumetric flask, 2.0 ml of the solution was used to determine palladium in Pd-charcoal using the proposed methods. The palladium content in the 250 ml flask was analyzed by a standard addition procedure using nitroso-R salt. 36 
Conclusion
Simple and selective procedures for individual determinations of cobalt or palladium using zero and first-order derivative 1517 ANALYTICAL SCIENCES NOVEMBER 2003, VOL. 19 spectrophotometry as well as their simultaneous determination by second-order derivative spectrophotometry were established with PAN in SDS micellar media. The proposed procedures were applied to assays of palladium and cobalt in synthetic binary mixtures, synthetic alloy samples and laboratorial and vitamin samples. The analytical results were satisfactory. The proposed method should be useful for accurate, precise, rapid, simple and selective determinations of palladium and cobalt in their alloy samples. 
